BiFeO 3 (BFO) is a well-known multiferroic material with both ferroelectric (T C = 1103 K) and G-type antiferromagnetic (T N = 643 K) orderings at room temperature. [1] [2] [3] [4] It has attracted much attention because of its potential for practical applications of controlling magnetism by electricity. Due to the development of thin film growth engineering, rich BFO phase diagrams with unique physical properties have been observed. [4] [5] [6] [7] Among those, the most notable system is the morphotrophic phase boundary (MPB), which is a polymorph containing the distorted tetragonal-like (T-like) phase and the distorted rhombohedral-like (R-like) phase, formed in the highly strained BFO thin film grown on the LaAlO 3 (LAO) substrate (strain ∼ 4.5%). 5, [8] [9] [10] The R-like phase here is also reported as S', 11,12 M R , 13 or M I 14,15 phase in recent studies. T-like BFO (c/a ∼ 1.25) is of M C monoclinic structure (Cm symmetry) with ferroelectric polarization along the [υ0ν] pc axis, while R-like BFO (c/a ∼ 1.09) is of M A monoclinic structure (Cc symmetry) with ferroelectric polarization along the [υυν] pc axis, where the suffix pc denotes the perovskite pseudo cubic lattice. 11, [14] [15] [16] [17] [18] [19] [20] [21] [22] Many intriguing properties have been found in the mixed-phase BFO, such as the giant piezoelectricity, 23 the emergent ferromagnetism, 16 the multiflexo-effect, 24 the persistent photoconductivity, 25 and the shape-memory effect. 26 rhombohedral BFO crystal structures, so the knowledge of phase manipulation in highly strained BFO will be the key step. In mixed-phase BFO, the crystal structure, the ferroelectricity, or the magnetism has been found tunable by electric fields 5, 8, 23, 27 or mechanical forces. 28 For the temperature variable, the efforts of previous studies have been made on the evolution of the T-like BFO above or near room temperature; 12, 13, 15, [29] [30] [31] [32] [33] for example, a structural transformation of T-like BFO around 400 K accompanied with the change of ferroelectricity has been widely discussed. 12, 13, 15, [29] [30] [31] [32] [33] [34] By contrast, in the strained BFO film, only little information about transitions of ordering parameters below room temperature was found. 31, 34 The lower symmetry at low temperatures is accompanied with more complexity in such a mixed-phase system, and systematic ways to identify properties of individual phases are required. In traditional rhombohedral BFO (R3c symmetry), the spin reorientation transition has been reported at around 140 K and 200 K, [35] [36] [37] which comes along with enhanced electron-phonon and dynamical spin-lattice interactions. 38 Therefore, it is reasonable to expect that physical ordering parameters in mixed-phase BFO will also transform at low temperatures, and their correlated behaviors are yet to be investigated. Here, in order to disentangle the similarity of T-like and R-like phases, we studied the evolution of mixed-phase BFO by the in situ Raman scattering combined with the atomic force microscope (AFM), which effectively separated phonons of T-like and R-like BFO. Based on the temperature-dependent xray diffraction (XRD) and Raman spectrum, we can reveal there are two isostructural transitions below room temperature, and the phase evolutions are correlated with the magnetic ordering. Noteworthily, under the influence of external magnetic fields, the BFO polymorph will have anomalous change of phonon behaviors.
The mixed-phase BiFeO 3 (BFO) films of 100 nm thickness were grown on LaAlO 3 (LAO) (001) substrates buffered with LaNiO 3 (LNO) bottom electrodes by a pulsed laser deposition (PLD) technique. Morphology and ferroelectric domain structures were measured by a commercial atomic force microscope (AFM, CPII, Veeco). An ac voltage of 1 V at a frequency of 6.39 kHz was applied to drive the ferroelectric sample through a Pt-Ir coated tip of force constant 7 N/m, and the piezoresponse force microscopy (PFM) signals were then collected by the same tip. The phonon behaviors were investigated using a backscattering confocal microscope combined with a spectrometer (iHR550, Horiba Jobin Yvon), and the excited source is 532 nm solid state laser. A 100× objective lens (NA = 0.95) was used for focusing the laser to the spot size about 3 µm 2 and collecting scattering lights, and a long working distance 50× objective lens (NA = 0.5) was used in a liquid N 2 cryostat based temperature-dependent Raman measurements. The Raman spectra resolution is about 0.74 cm 1 . A commercial x-ray diffractometer (D8 Discover, Bruker) with Cu Kα1 radiation (λ = 1.5406 Å) was used to record the temperature-dependent XRD patterns, and the precision to estimate the lattice constant is in the order of 10 5 Å. The magnetic moments of samples were detected by a SQUID system (MPMS 3, Quantum Design) in zero-field cooling (ZFC) and field cooling (FC) modes (magnetic field ∼ 2000 Oe).
The typical topography of the mixed-phase BFO thin film has stripe-like regions embedded in the flat matrix [ Fig. S1 (a) of the supplementary material]. By changing the azimuthal angle between the scanning cantilever and the BFO [010] pc axis in the PFM measurements, as shown in Fig. S1 , we can find that in-plane polarizations of the periodic long domains on the flat matrix lie along 100 pc , and those of the loop-circled domains on the stripe-like regions lie along 110 pc . The ferroelectric easy axis reveals that the flat regions are the T-like phase with Cm symmetry, while the stripe-like regions are the R-like phase with Cc symmetry. According to the group theory, the Γ-point phonon modes of Cm and Cc symmetry are 15A' + 12A" and 13A' + 14A", respectively. 10 It is difficult to distinguish these two phases in the Raman spectra because of the large number of phonon modes with close frequencies in the mixed-phase BFO. To solve this problem, considering that the phase transformation of the highly strained BFO can be manipulated by electric fields, 5, 8, 23, 27 we combined a Raman microscope and the AFM system to test the sample, as illustrated in the schematic of Fig. 1(a) . The as-grown mixed-phase regions were locally switched to a pure T-like BFO matrix by the scanning AFM tip carrying a dc bias. The switched square is 5 × 5 µm 2 in Fig. 1 , which is about eight times larger than the spot size of laser. Again, the switched area is confirmed as the T-like phase by the character of periodic long domain structures (Fig. S2 of the supplementary material) . Comparing the in situ Raman results before and after electric-driven phase transformation in the same region, we assign the Raman phonons in the top spectrum of Fig. 1(b) to the T-like phase and those only existing in the bottom spectrum of Fig. 1(b) to the R-like phase. Based on this method, phonons of different phases are separated. The resolved phonon assignments are summarized in Table I , where the experimental phonon frequencies are also satisfied with previous observations in strained BFO films. 8, 10, 13 We used the temperature-dependent XRD and Raman spectroscopy to study phase evolutions of the mixed-phase BFO. Figure 2(a) shows the XRD data, where the pseudo cubic c-axis lattice constants of the T-like phase, the R-like phase and the LAO substrate can be derived from their pseudo cubic (002) peaks, and the results are plotted in Figs. 2(b)-2(d) . The c-axis lattice constant of the T-like phase has a discontinuous increase around 225 K [ Fig. 2(b) ] while the c-axis lattice constant of the R-like phase has different temperature dependence above and below 150 K [ Fig. 2(c) ]. By contrast, LAO only shows monotonic lattice expansion with temperature [ Fig. 2(d) ]. Accordingly, 225 K and 150 K are expected to be the crystal phase transition temperatures of T-like and R-like phases, respectively. In addition, temperature-dependent Raman spectra supported the phase transitions shown in XRD results, with some Raman phonons significantly changing intensities at similar temperatures (Fig. S3 of the supplementary material) . Because temperature dependent Raman spectra reveal no observable changes in crystal symmetry, the structural transitions shown in XRD results should belong to isostructural phase transitions.
Besides the increased phonon numbers, there are abnormal blue shifts of low-frequency Raman peaks around 250 K and 100 K [upper panel of Fig. 3(a) ]. Phonons are sensitive to the structure distortion, so these shifts are directly related to the phase transitions observed in XRD. The fitted phonon frequencies in Fig. 3(b) indicate that the blue shifts are contributed from the anomalies of both T-like and R-like phonons at 226 cm 1 and 231 cm 1 , respectively. The structures of T-like and R-like phases are coupled through the interface strain. Although the transitions of c-axis lattice constants of two phases seem independent in XRD results, the Raman shifts in Fig. 3(b) show that the strain from one phase transformation could result in the distortion of another phase. Figure 3(c) shows the magnetic moments (m) as a function of temperatures under ZFC and FC process. The increased magnetic moments with decreasing temperature correspond with a fundamental trend of collective magnetism. The splitting of ZFC and FC curves around room temperature represents the character of spin-glass transition, 39 and an inflexion point in the FC curve around 100 K indicates another transformation of the magnetic ordering. These two magnetic transition temperatures are close to those of the isostructural transitions, which suggest the changes of magnetic ordering in this system are related to the structure transformations. It is worth noting that different thermal expansion rates of T-like and R-like phases near the isostructural transition temperatures, as shown in Figs field of 2000 Oe is applied [lower panel of Fig. 3(a) ], and this result reveals that the lattice dynamics is coupled with the spin orientation. The magnetic field-induced phonon shifts can be attributed to two possible mechanisms: spin-phonon interaction and magnetostriction effect. The magnetostrictive coefficient of BFO is only in the order of 10 14 -10 10 , 41 so the maximum strain and the phonon shift ratio (∆ω/ω) caused from the magnetostriction are of the same order, which can hardly be detected in the Raman spectra. Therefore, the possible mechanism left to explain the shifts is the spin-phonon interaction in mixed-phase BFO. Spin-phonon interaction originates from modulating the exchange integrals of neighboring spins by dynamical lattice vibrations, and the lower-frequency phonons are more easily coupled with the magnons. According to above observations of the close temperatures between isostructural and magnetic transitions, also the effect of spin-phonon interaction, we can say that magnetic and crystal structures are effectively coupled in this highly strained system. Note that the crystal symmetry does not change during the magnetic transition, and the similar signature has also been observed in antiferromagnetic-paramagnetic transition of traditional rhombohedral BFO. 42 Another indication of the strong coupling between the crystal and the magnetism is shown in Fig. 4 , where the Raman phonons of T-like and R-like phases are manipulated by external magnetic fields. Figures 4(b) and 4(c) show the variations of phonons at 77 K through cooling processes without and with a vertical magnetic field (∼2000 Oe) applied, respectively, and the complete Raman spectra are illustrated in Fig. S4(a) . In Fig. 4(c) , low-frequency phonons have apparently broader bandwidth compared to those in Fig. 4(b) , and the R-like phase phonons show relative decrease in intensity. history. Due to the small energy difference between metastable phases in the polymorph, even though the external magnetic field only provides small perturbation in the system energy, the phase evolution will choose a similar but different path to another equilibrium state. According to the variations in the Raman spectra, the possible intermediate states under the magnetic-cooling process are distorted crystals or the T/R ratio-changed combinations, as schematically shown in Fig. 4(a) .
In summary, our study reveals the magnetic-modulated phase anomaly in mixed-phase BFO at low temperature. By combining AFM and Raman spectroscopy, we successfully distinguish Raman phonons of the T-like and R-like BFO. Two isostructural phase transitions below room temperature are observed: one is the T-like phase transition around 225 K, and the other is the R-like phase transition around 150 K. In addition, the lattice dynamics are coupled with the magnetic ordering. It is interesting to notice that phonon behaviors in mixed-phase BFO change apparently under different magnetic cooling process. The effective spin-lattice coupling in strained BFO provides the opportunity to control phonon-mediated physical properties by magnetic fields.
See supplementary material for the AFM topography and rotated mixed-phase and pure T-like phase PFM images, temperature dependent Raman spectra of mixed-phase BFO, and the comparison of Raman spectra with and without the magnetic field at 77 K and 300 K, respectively. 
